As a universal pathogen leading to neonatal defects and transplant failure, Human cytomegalovirus (HCMV) has strict species specificity that the inability to using this virus in animals has hampered its pathogenesis study. However, the mechanism of cross-species barrier remains elusive that no non-human cell model has been established to fill this knowledge gap. We observed that primary dermis fibroblasts (TSDF) isolated from the Chinese tree shrew (Tupaia belangeri chinensis), a small laboratory animal with close affinity to primates, were permissive to HCMV replication. In TSDF infected with GFP-expressing HCMV, the green fluorescence and cytopathic effect were observed and the expression of 3 kinetic genes and replication of viral genome were detected. The cell-free viruses produced in TSDF reached 10 3 pfu/mL at 96 hpi, which were 10-fold lower than in primary human foreskin fibroblasts. Our results demonstrated that TSDF supported low level of lytic replication of HCMV. The TSDF model provides a useful platform for the mechanism study of species barrier of HCMV.
Introduction
Human cytomegalovirus (HCMV) is a worldwide opportunistic pathogen and the leading infectious cause of severe diseases in immunodeficiency individuals. Its pathogenesis involves lytic replication in cells, during which the expression of viral genes is temporally controlled [1, 2] . Immediate early (IE) genes (such as IE1) are expressed after viral genome delivered into the nucleus, then the expression of early genes (such as UL44) is activated by IE proteins which takes part in viral genome replication. Late gene expression (such as pp28) depends on E genes expression and controls envelopment and egress of progeny viruses. There are various types of human cells supporting the expression of the 3 kinetics proteins and production of viral particles. However, infection of cells from commonly used laboratory animals was abortive, which is the result of the strict species of HCMV [3] [4] [5] [6] . The inability to use HCMV in animal has hampered its pathogenesis study. In order to overcome this limitation, it is important to investigate the molecular mechanism of the species specificity, for which the establishment of a cross-species infection model is indispensable.
In the past decades, both in vitro and in vivo cross-species infection of HCMV have been tried by several groups. Rodents are the most popular laboratory animals that the humanized-mouse engrafted with human tissues is up till now the only animal model for direct in vivo study of HCMV, but viral infection limited in implanted cells with human origin [7] . On the other hand, there were two reports presenting low level of HCMV replication in non-human cells, which were primary chimpanzee skin fibroblasts (CF) and porcine endothelial cells, respectively [8, 9] . Unfortunately, chimpanzees are forbidden to be used in invasive researches due to ethical concern and their endangered state [10] , while the viral growth kinetic was not determined in porcine endothelial cells. Despite the limitations of these studies, we are enlightened that at least two aspects would benefit the establishment of cross-species model for HCMV infection. First, the species specificity is stricter in vivo that a non-human cell model for HCMV infection would be easier to be established. Second, an animal with high similarity to human is more likely to support productive infection of HCMV, in consideration of the high level of adaptation of this virus to human.
In recent years, the Chinese tree shrew (Tupaia belangeri chinensis) was found to be genetically close to primates and its genes or pathways playing a role in infectious diseases have higher identity to human [11, 12] . Meanwhile, it has economical maintenance costs and a small body size. These advantages enable its application in pathological research of many human viruses including Herpes simplex virus type 1 [12, 13] . For HCMV, these advantages suggest a potential susceptibility of the Chinese tree shrew to this viral infection. Since the species specificity is less stringent in vitro infection and infection characteristic would be closer to real state in primary cells, we investigated the susceptibility of primary tree shrew dermis fibroblasts (TSDF) to HCMV infection.
Here, TSDF was established in culture and a bacterial artificial chromosome (BAC) clone of HCMV Towne strain which expresses a gfp gene in the viral genome was used to monitor lytic replication [14] . The full cycle of viral replication was achieved in TSDF by observing cytopathic effect (CPE) and GFP expression, detecting the expressions of IE1, UL44, and pp28 and the genome replication. By plaque forming assay in monolayer of primary human foreskin fibroblasts (HFF), cell-free viruses produced in TSDF led to the expression of green fluorescence, and the highest titer reached 10 3 PFU/mL at 96 hpi, which was 10-fold lower than that in HFF. These results confirmed low level of productive replication of HCMV in TSDF. The TSDF model provides a useful platform for study of the molecular mechanism of species specificity of HCMV.
Materials and Methods

Cells and cell culture
The 3 months old first filial-generation Chinese tree shrews used for primary cells isolation were purchased from the Institute of Medical Biology, Chinese Academy of Medical Sciences. The primary TSDF was obtained by enzyme digestion method with 0.1% type II collagenase [15] . Both TSDF and HFF were cultured in minimal essential medium (MEM) medium (Hyclone) and supplemented with 10% fetal bovine serum (FBS), penicillin and streptomycin (100 U/ml and 100 g/ml, respectively, Gibco). Low serum growth supplement (Gibco) was added for TSDF. Cell cultural condition was maintained at 37°C in a humidified atmosphere containing 5% CO2. The morphology of cells was observed with Leica Microsystems (Leica).
Virus and viral infection
A BAC clone of HCMV Towne strain expressing a gfp gene in the viral genome was propagated in HFF with low MOI (0.02) and titrated by plaque assay on monolayer of HFF as described previously [16] . Cells were infected with HCMV at an MOI of 1 or 0.5 and harvest at indicated times for observation of CPE and detection of viral replication. The rate of GFP-positive cells was calculated by counting 1,000 cells from 3 to 4 fields.
DNA isolation and quantitative PCR assay
DNA was isolated from cells with TIANamp Genomic DNA Kit (TIANGEN). HCMV fragment was amplified with 50 ng DNA and primers specific to ul83 (Forword -5'GCGAGACCGTGGAACTGC 3', Reverse -5' TTGCCCTGGATGCGATACTG 3') by using ChamQ SYBR q-PCR Master Mix Kit (Vazyme) and sequenced. The qPCR was performed as follow: 1 cycle of 5 min at 95℃; 40 cycles of 10 sec at 95℃ and 34 sec at 60℃; 1 cycle of 15 sec at 95℃, 60 sec at 60℃, and 15 sec at 95℃. The plasmid pcDNA3.0-UL83 was used to get a standard curve and the copy number of HCMV in different cells was subsequently calculated.
Western Blot
Cells were collected and washed with PBS (Gibco). After centrifuge at 12,000 rpm, samples were added with 100 μL RIPA and incubated on ice for 1 h for total protein preparation. Twenty microliter of total protein quantified with BCA Protein Assay Kit (TaKaRa) was used for protein separation with SDS-PAGE (Bio-Rad). The protein was transferred to a polyvinylidene fluoride membrane (Milipore) and the membrane was blocked and incubated with primary and secondary antibodies. Mouse monoclonal antibodies against IE1 (Thermo Fisher), UL44 (Abcam), and pp28 (Abcam) were 1:1000 diluted, and mouse monoclonal antibodies against β-actin were 1:5000 diluted (Abcam). Horseradish peroxidase (HRP)-goat anti-mouse IgG (Abcam) was 1:5000 diluted. The membranes were treated with enhanced chemiluminescence reagents (GE) and analyzed by using Imaging system (Bio-Rad).
Immunofluorescence assay (IFA)
Cells were cultured in 10-mm dishes containing coverslips and at least 3 coverslips were used for each sample. At indicated times, the coverslips were rinsed with PBS, fixed with 4% formaldehyde, permeabilized with 1% Triton-100, blocked with corresponding antibodies, and counterstained with 1 μg/ml DAPI (Roche). For detection of vimentin expression, TSDF-containing coverslips were first incubated with rabbit monoclonal antibodies against human vimentin (1:1000 diluted, Abcam) and mouse monoclonal antibodies against β-actin (1:1000 diluted, Abcam) for 2 h, then with FITC-conjugated goat polyclonal antibodies against rabbit IgG (1:500 diluted, Abcam) and rhodamine-conjugated goat polyclonal antibodies against mouse IgG (1:200, Thermo Fisher). The detection of cytokeratin 10 was carried out in the same way except rabbit monoclonal antibodies against cytokeratin 10 (1:200 diluted, Abcam) being used. The cells were visualized under Leica DMI3000B Manual Inverted Microscope and image quantification was carried out using NIS-Elements F 4.00.00 software (Leica).
Ethics statement and statistical statement
All experiments and protocols conducted in this study were reviewed and approved by the Institutional Ethical Committee of Kunming University of Science and Technology. Statistical analyses were performed with GraphPad Prism 5 (GraphPad Software), using Student's t-test or Analysis of Variance (ANOVA) test. The average results were shown as the mean ± standard deviation (SD). Significance was considered when p<0.05.
Results
Isolation and characterization of primary TSDF
In consideration of reported permissiveness of primary skin fibroblasts from chimpanzee for HCMV infection and close relationship to primates, primary TSDF were isolated. After mechanical and enzymatic dissociation, the cells attached and spread on the plate, and gradually became confluent. Most cells were with a uniform spindle shape and parallel arranged when they grew densely, the morphology of which was similar to fibroblasts (Fig.1A) . The cell type was further determined by detection of the expression of vimentin and cytokeratin 10 (Fig.1B) , the marker for fibroblasts and epithelial cells, respectively [15] [16] [17] . The vimentin expression was observed in most TSDF (green fluorescence) and co-localized with β-actin (red fluorescence) in cytoplasm, which was consistent with characteristic of fibroblasts. However, the expression of cytokeratin 10 was not detected suggesting that no epithelial cells or the expression level was below the detection limit. Therefore, primary TSDF in culture was established. 
HCMV infection induced GFP expression and CPE in TSDF
To initially detect the susceptibility to HCMV infection, primary TSDF was infected at an MOI of 1 with GFP-expressing HCMV which is convenient for monitoring lytic replication [14, 18] . Both GFP expression and CPE were observed at 24, 36, 48, 72, 96 hpi (Fig.2) , and HFF were used as positive control. In HFF, weak expression of green fluorescence was detected at 24 hpi and more than half cells were GFP positive from 36 hpi. The GFP-positive HFF was close to 100% at 96 hpi. In TSDF, GFP expression was delayed that weak green fluorescence appeared at 36 hpi. The maximum rate of GFP-positive TSDF was 70% at 72 hpi then decreased to 50% at 96 hpi. The overall GFP intensity was much stronger in HFF than in TSDF. Meanwhile, the typical cell rounding and enlargement were presented in HCMV-infected HFF. For TSDF, not only were cell rounding and enlargement observed, but also cell detachment occurred at late infection period. However, in mock-infected cells, no visible CPE was observed. The CPE and expression of green fluorescence implied a possibility of lytic replication in HCMV-infected TSDF. 
TSDF supported HCMV gene expression and genome replication
Previous studies showed that HCMV cross-infection failure was due to a blockage at post-entry stage that early gene expression and DNA replication could not be achieved [5, 6, 19] . In order to determine whether TSDF supported authentic replication of this virus, TSDF and HFF were infected at an MOI of 0.5 and the expressions of IE1, UL44, pp28, and β-actin were detected by western blot and genome copy number was analyzed by quantitative PCR (qPCR). As shown in Fig.3A , these 3 viral genes expressed in HFF and the expression levels increased over time. In TSDF, the expressions of IE1 and UL44 were increased from 24 hpi, and the expression of pp28 was detected from 72 hpi to 120 hpi. The genome replication level was quantified with UL83 primers (Fig.3B) . In HFF, the viral DNA copy number was from 10 4 and 10 7 per 50 ng total DNA from 24 to 168 hpi. However, the viral DNA copy number kept at 10 3 per 50 ng total DNA in TSDF since 24 hpi. The PCR fragments were sequenced and confirmed as HCMV. The low replication level was in accordance with the weak expression of pp28. These results demonstrated that TSDF supported the 3 kinetic genes expressions and genome replication of HCMV. 
TSDF supports production of Infectious progeny virus which can infect HFF
We next sought to ask whether infectious progeny viruses could be produced in TSDF besides late protein expression and viral genome replication. The growth curve of HCMV in TSDF was determined by plaque forming assay on fresh HFF monolayer and compared with virus yield in HFF (Fig. 4) . The GFP expression and small plaques were detected in HFF inoculated with cell-free viruses produced in TSDF (Fig.4B) . From 24 to 48 hpi, the titer in both TSDF and HFF decreased to similar amount, but it began to increase from 72 hpi. The amount of cell-free viruses reached the highest level in TSDF at 96 hpi, which was 10 3 PFU/mL and 10-fold lower than that in HFF. After 96 hpi, the titer in TSDF gradually decreased while it kept growing in HFF and reached 10 5 PFU/mL at 168 hpi. This decrease of amount of cell-free viruses was consistent with cell detachment and decrease of pp28 expression level, which suggested the viral replication was somehow disrupted in late infection period. In order to further confirm that progeny cell-free viruses were actually produced in TSDF, an inactivation control was conducted that the same amount of viruses remaining in the supernatant at 24 hpi was inoculated to fresh medium and kept at the same culture condition. Interestingly, the titer in inactivation control kept decreasing after 48 hpi and it was significantly lower than in TSDF at 72, 96, 120, 144, and 168 hpi (p<0.05). At 168 hpi, there were almost no infectious viruses in inactivation control but there were still 5.59±0.58×10 PFU/mL of cell-free viruses in TSDF. Based on the requirement of 48 to 72 hours to complete one replication cycle of HCMV, the growth curve showed the achievement of at least one cycle of viral replication in TSDF. Taken together, our results confirmed productive replication of HCMV in TSDF. 
Discussion
As a universal pathogen leading to neonatal defects and transplant failure, the inability to applying HCMV in animal model due to the cross-species barrier of this viral infection, has impeded its pathogenesis study. In order to overcome this limitation, a non-human cell model supporting lytic replication of this virus is critical for the mechanism study of its strict species specificity. Previous reports implied that an animal with high similarity to human has a potential to be infected by HCMV [8] , and the Chinese tree shrew was proved to be genetically close to primates and useful for pathological research of several human viruses [12] . Herein, we investigated the susceptibility of primary TSDF to HCMV infection. By identification of CPE, GFP expression, lytic gene expression, viral genome replication, and viral growth kinetics, we showed that HCMV could productively infect TSDF.
It is important to choose proper cell types and strains to establish a cell model for cross-species infection of HCMV. In human, primary fibroblasts with skin or lung origin are mostly used to study in vitro HCMV infection because it is one of the main target cell types, easy to culture, permissive for all strains, and supports production of high titer of cell-free virus [20] . Towne strain, one of the mostly used laboratory strain, has been reported to be permissive for HCMV infection of CF. In this study, TSDF was successfully established in culture by examination of morphology and positive expression of fibroblast marker protein. The infection was conducted with a Towne strain variant expressing a gfp gene in the viral genome which has been proved to be convenient to monitor viral replication [18] . In HCMV-infected TSDF, by detecting expression of the green fluorescence and 3 kinetic proteins and production of cell-free virus, it demonstrated successful cross-species infection in this condition. Meanwhile, compared to TSDF, we indeed observed different susceptibility of primary fibroblasts from lung (TSLF) and epithelial cells from kidney (TSKE) to HCMV. The IE-1 expression was less efficient in TSLF than in TSDF and no expression could be detected in TSKE (data not shown). So far, TSDF is easy to be cultured and supports complete replication cycle of HCMV that this cell model would be useful for study cross-species infection of this virus.
The species specificity of HCMV is the result of coevolution with human host that the interplay between the virus and the Chinese tree shrew would affect its cross-species infection. Although the mechanism of cross-species barrier of HCMV is still unknown, studies on other CMVs have implied that multiple factors play a part in this process [21] [22] [23] [24] [25] [26] . On the viral side, UL128 and UL130 which are the subunit of pentameric complex in the viral envelope helped rhesus macaques CMV (RhCMV) infect cynomolgus macaques both in vitro and in vivo [26] . Since complete pentameric complex is necessary for infection of epithelial and endothelial cells, it suggested that cross-species infection would benefit from broadening the cell types a virus entering. There are various HCMV strains which could be classified as laboratory strains, such as Towne, and clinical strains. The laboratory strains was highly adapted to fibroblasts and could produce high titer of cell-free viruses, while clinical strains have extended tropism and could infected epithelial and endothelial cells besides fibroblasts [27] . Whether clinical strains of HCMV would productively infected TSDF should be investigated in future. On the other side, host factors involved in anti-viral response, including apoptosis and ND10 complex, were also reported to influence cross-species infection of CMVs [21, 22, 26] . In this study, we observed cell detachment in HCMV-infected TSDF at late infection period. It is unclear what factors caused cell death and whether it has effects on virus multiplication. By using TSDF model, examination of factors that improve production of virus particle and relieve cell death would provide perspectives on mechanism of species specificity of HCMV.
In conclusion, the data of the present study showed productive infection of TSDF with HCMV. This TSDF model provides a convenient platform for investigation of key factors influencing cross-species multiplication of HCMV. Meanwhile, the characteristics of this viral infection of other types of cells from the Chinese tree shrew should be further studied to explore the utility of this animal for HCMV infection. 
